6
antibiogram with susceptibility to third generation cephalosporins, meropenem and gentamicin. 122
She received 3 days of oral norfloxacin 400mg twice daily with microbiological resolution. 123
124
Patient 3, a 39-year old woman, was admitted with 66% total body surface area burns to the same 125 ICU 5 weeks after Patient 1 and 2 were admitted and 20 days after they had been discharged from 126 the ICU (Figure 1 ). MDR-E. cloacae was cultured from the ETT of Patient 3 on day 12 of ICU 127 admission. She had frequent brief admissions to several hospitals since 2010 (never to ICU), and no 128 
Materials & Methods 141

Study setting 142
Primary isolates were obtained from patients admitted to the Royal Brisbane & Women's Hospital 143 (RBWH), a tertiary referral hospital with 929 beds in South-East Queensland, Australia. Additional 144 IMP-producing isolates, cultured from patients admitted to other hospitals in the metropolitan 145
Brisbane area (referred to as Hospital A and B), were obtained from the Central Laboratory of 146 Pathology Queensland for comparison (Table S3) .
148
Antimicrobial susceptibility testing and carbapenemase detection 149
All bacterial isolates were identified by matrix-assisted laser desorption/ionization mass 150 spectrometry (MALDI-TOF) (Vitek MS; bioMérieux, France). Antimicrobial susceptibility testing 151 was carried out using Vitek 2 automated AST-N426 card (bioMérieux) with Etest to determine 152
MICs for meropenem, imipenem and ertapenem. Carbapenemase activity was assessed by the use 153 of the Carba-NP test (RAPIDEC; bioMérieux) and the presence of the bla IMP-4-like carbapenemase 154 gene confirmed using an in-house multiplex real-time PCR (also targeting NDM, KPC, VIM and 155 OXA-48-like carbapenemases) [17] . 156
157
Bacterial DNA extraction 158
Single colonies were selected from primary bacterial cultures and grown in 10 mL Lysogeny broth 159 (LB) at 37°C overnight (shaking 250rpm). DNA was extracted using the UltraClean ® Microbial 160 DNA Isolation Kit (MO BIO Laboratories) as per manufacturer instructions. 161
162
Genome sequencing, Quality Control and De Novo Assembly 163
All isolates in this study were sequenced using Illumina (see supplementary appendix). Reads 164 passing quality control (QC) were assembled using Spades v3.6.0 [18] under default parameters 165 (without careful flag). Contigs with coverage less than 10x were removed from final assemblies. 166
Final assembly metrics were checked using QUAST v2.3 [19] (Table S3) and was negative for IMP-4-like genes by PCR (Table 1) . 213
214
Whole genome sequencing identifies a link to a previous IMP-producing isolate 215 WGS of 10 isolates from patients 1, 2 and 3 was initiated after microbiological confirmation of a 216 bla IMP-4 E. cloacae isolate from a third patient from the RBWH ICU ( Figure 1 ). In silico MLST 217 showed all belonged to sequence type (ST) 90 with the majority exhibiting the same resistance gene 218 profile, including a 100% identical bla IMP-4 gene ( Table 1 ). The exception was the carbapenem 219 susceptible isolate MS7889, which was confirmed by WGS to have lost the bla IMP-4 gene as well as 220 several additional resistance genes conserved in the other E. cloacae isolates (Table 1 ). All ten 221
isolates contained an IncHI2 plasmid. Sequence analysis suggests that AmpC derepression is 222 unlikely to contribute to carpabenemase activity in these strains (further details are given in the 223 supplementary appendix). 224
225
Comparison of the E. cloacae genomes to publicly available draft assemblies identified a close 226 match to E. cloacae Ecl1 (GenBank: JRFQ01000000), an ST90 strain isolated from a burns patient 227 at the RBWH ICU almost two years prior to the 2015 outbreak [13, 31] . Antibiotic resistance 228 profiling of the Ecl1 genome revealed an identical resistance profile compared to the majority of the 229 2015 isolates (Table 1) While there has been a dramatic improvement in the cost and availability of whole genome 288
sequencing (WGS), it is not clear how these advances can best be incorporated into routine clinical 289
microbiology. Several studies have demonstrated the ability of WGS to provide optimal 290 discrimination between strains to help inform a response to outbreaks or nosocomial acquisition 291 [32] [33] [34] [35] . Here, we demonstrate that WGS can help rapidly characterize an outbreak in a critical care 292 setting, particularly regarding transmission pathways. 293
294
The finding that the outbreak strains were virtually indistinguishable from an IMP-4-producing E. 295 cloacae isolated two years previously from the same unit was unexpected and highlighted the need 296 to consider environmental sources and potential person-to-person transmission, as has been 297 previously described in Australian ICU and burns units [14] . Although we were unable to isolate 298 any IMP-producing Enterobacter spp. from environmental sampling, it is possible that this may 299 have been due to enhanced cleaning and additional infection control measures. Healthcare workers 300 are also a possible reservoir, with previous studies confirming carriage of a range of clinically 301 important bacteria [36] [37] [38] . 302
303
Using SMRT sequencing technology, we determined the full context of bla IMP-4 and its location 304 within a large, complex and highly repetitive MDR region harbouring two integrons: In37 and 305
In809. In37 is a widespread class 1 integron that has been found in many bacterial species [39, 40] . 306 In809, which carries bla IMP-4 , has previously been described from Klebsiella pneumoniae 307 IncHI2 MDR plasmid (pIMP4-SEM1) [43] . Remarkably, we found that pIMP4-SEM1 was near 312 identical to pMS7884A ( Figure S5 ). This finding highlights the role of domestic animals (or the 313 food they eat) as a reservoir for antibiotic resistance genes. 314
315
Analysis of several CPE in this study suggested that a common plasmid or integron carrying 316 multiple antibiotic resistance genes is likely the major driver of antibiotic resistance dissemination 317 across a broad range of Enterobacteriaceae. In addition to the presence of bla , four resistance 318 genes (bla TEM-1b , bla , qnrB, and aac(6')-Ib) carried by these isolates were previously detected 319 by PCR in the majority of 29 IMP-4-producing E. cloacae isolates surveyed from Queensland 
Conclusions 338
We used WGS to help elucidate genetic relationships between bla IMP-4 carbapenemase-producing E. 339 cloacae identified from our ICU and Burns facility. Real-time application of this technology 340 revealed an unexpected clonal relationship with a strain isolated from the same unit two years 341 previously.
Comparison with other Enterobacteriaceae containing bla IMP-4 isolated from 342 surrounding hospitals revealed its carriage on a broad host range IncHI2 plasmid, assumed to be 343 circulating via lateral gene transfer across different E. cloacae clones and also E. coli. SMRT 344 sequencing enabled the genetic context of all resistance genes within this plasmid to be resolved 345 and revealed the mechanism of loss of resistance genes in one E. cloacae strain that reverted to a 346 fully carbapenem-susceptible phenotype. As WGS technologies become increasingly available, 347 they are likely to prove an essential tool for the clinical microbiology laboratory to respond to 348 emergent infection control threats, and can be used in real-time to provide clinically meaningful 349 Patient 3 (Female, 39-years-old) was admitted 37 days after the patient 1 and 2 had been admitted 496 and after they had been discharged from the ICU. Patient 3 also developed infection due to a 497 carbapenem-resistant E. cloacae infection, and had 4 samples taken from ETT (purple), blood (red) 498 and wound sites (orange). After intensive antibiotic and antifungal treatment, the patient was 499 palliated on day 47 of ICU admission. Sequencing and genomics analysis of all 10 isolates was 500 undertaken following confirmation of all three patients being infected with bla IMP-4 -producing E. 501 cloacae (period shown in purple shading). Environmental swabbing was undertaken 65 days after 502 the initial admission of patient 1 and 2, and 29 days after the admission of patient 3 (orange square). RBWH isolates (n=10) as they were found to be near identical at the core genome level. 63,861 519 core SNPs were identified and used to generate a ML tree with RAxML (1000 bootstrap replicates), 520 which determined no relationship between the RBWH isolates (pink) and the Hospital B 521 
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